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PREFACE 


Final report of Asymmetrical Booster Ascent Guidance and Control System Design 
Studies performed under Contract NAS9-13568 are contained in five separate 
volumes identified as follows: 


Volume I 
Volume II 
Volume III 
Volume IV 

Volume V 


Summary 

SSFS Math Models - Ascent 

Space Shuttle Vehicle SRB Actuator Failure Study 
Sampled Data Stability Analysis Program (SADSAP) - 
Users Guide 

Space Shuttle Powered Explicit Guidance 
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ABSTRACT 


Volume II! documents investigation of single actuator failures on the Solid 
Rocket Booster. Both square pattern (n) and diamond pattern (<£>) actuator 
configurations v.ere analyzed. It was determined that for failures occurring 
near or prior to the region of maximum dynamic pressure, control gain adjust- 
ments can be used to achieve virtually nominal mid-boost vehicle behavior. 
However, near staging, a distinct worst case failure condition was established 
that could significantly delay staging. It is recommended that the square 
pattern be retained as a viable alternative to the baseline diamond pattern 
because the staging transient is better controlled resulting in earlier 
staging. 
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1.0 INTRODUCTION AND SUMMARY 

Studies have been conducted investigating the performance of the Configuration IV 
Space Shuttle vehicle with one solid rocket motor TVC actuator failure. Primary 
study objectives were to determine design cases (worst conditions) for the base- 
line TVC actuator configuration (45° - 135° orientation) and the 0° - 90° TVC 
(pitch-yaw) configuration. 

Simulations were performed, individually failing each of the four solid rocket 
booster (SRB) actuators. Several failure times were tested, from liftoff to 
the region of maximum dynamic pressure (Q max ). Thrust unbalance between the 
two SRM's was simulated and the effect of headwinds, tailwinds and crosswinds 
was investigated. Staging criteria were implemented in the simulation. Nominal 
staging for this configuration occurs at 123 seconds from liftoff. All simula- 
tion runs that failed to meet the staging criteria were terminated at 140 seconds. 

It was determined that the worst case design conditions for this vehicle 
configuration are those summarized in Figure 1. For those mid-boost conditions 
(liftoff to beyond Max Q) the loads indicator, dynamic pressure times sideslip 
angle (Qb) was significantly higher than for other simulation cases. Satisfactory 
compensation was achieved for the mid-boost cases. 

At thrust tailoff the thrust unbalance between the SRM's caused a yaw transient 
that significantly delayed the staging time. For the 45° - 135° TVC actuator 
configuration, adverse roll -yaw torque from the remaining thrusting actuator 
precluded successful compensation; but for the 0° - 90° TVC configuration, 
compensation permitted some reduction of the delay in staging. 

It is recommended that the 0° - 90° TVC actuator configuration be retained as 
a viable alternative to the baseline 45° - 135° TVC configuration and that 
additional studies be performed on staging compensation. It Is also recom- 
mended that load relief studies be initiated to develop techniques for decreasing 
the effect of actuator failures and winds on vehicle loads during boost. 
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FIGURE 1 DESIGN CONDITIONS 



2.0 STUDY PARAMETERS 


The Space Shuttle configuration studied was the VL72-000088B configuration IV 
vehicle described in references 1 through 3. Simulations were performed, 
separately failing each of the four solid rocket booster (SRB) actuators. An 
actuator failure was simulated by commanding it to null at its rate limit 
(3 degrees per second for this study). Failure times were selected at: 

1) liftoff, 

2) 8 seconds (beginning of roll maneuver), 

3) 28 seconds (end of roll maneuver), and 

4) 57 and 58 seconds (during the region of the wind gust). 

In the initial study phase no changes were made to the control system gains cr 
mixing logic in order to compensate for the actuator loss. Then, after de- 
termining the effects of the failures, compensation techniques were investigated 
to minimize deviations from nominal. 

For all simulations thrust unbalance between the two SRM's was set at +0.98% 
because this resulted in the specification limit of 450,000 lbs thrust 
differential at tailoff. The thrust profile of each SRM and the thrust dif- 
ferential resulting from a ±0.98% mismatch is shown in Figure 2. The high 
thrust motor burns faster, thus burning out sooner resulting in higher thrust 
on the "low thrust" motor during the thrust tailoff region. No angular mis- 
alignments were introduced in any of the Space Shuttle Main Engines (SSME) 
actuators or SRB actuators. 

Synthetic directional design wind profiles were generated and applied to the 
vehicle as headwind, tailwind, and right crosswinds. The tailwind and cross- 
wind profiles were 95 percentile winds during the gust region and were modified 
to lc^ winds (34% above the 50 percentile profile) during the SRB tailoff 
region. The headwind profile was used as a 95 percentile profile throughout 
the flight. The gust attitude for these winds was selected at 10 KM, which 
coincides with the time of maximum dynamic pressure. These three wind profiles 
are shown in Figures 3-5. 
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FIGURE 3 VAFB 42 M/S HEADWIND 









Staging criteria for the simulations were implemented such that staging was not 
allowed to occur until all criteria were met. The staging criteria used in this 
study were: 

1) thrust on the highest thrust SRM must be less than 100,000 lbs, 

2) sideslip must be less than ±5 degrees, 

3) body roll rate must be less than ±10 degrees per second, and 

4) body pitch and yaw rates must be less than ±2 degrees per second. 

A limit on angle-of-attack was not imposed for these cases since minor 
trajectory anomalies cause all cases to slightly exceed ±5 degrees angle-of- 
attack at staging. All runs were terminated at 140 seconds if staging criteria 
were not met by that time. 
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3.0 45° - 135° TVC ACTUATOR CONFIGURATION STUDIES 


3.1 Design Conditions 

Worst case design conditions determined from this study are summarized in 
Figure 1. During the mid-boost region of flight most severe conditions are 
felt in the presence of a crosswind with the leeward SRM with high thrust and the 
actuator failure on the windward SRM. For right crosswinds the more severe case 
is with the left actuator failed. For left crosswinds it is with right actuator 
failures on the windward motor. 

During the tailoff portion of boost, design conditions were found to be with 
crosswinds with high thrust on the windward SRM and with the actuator failure 
occurring also on this motor. For right crosswinds the most severe condition 
arises with a left actuator failure on the windward motor; for left crosswinds, 
with a right actuator failure on this motor. 

3.2 Discussion of Results 

The design conditions described in section 3.1 were the result of approximately 
80 simulation cases. Figure 6 is a run matrix of the simulations performed in 
this study. More failure times were selected within the crosswind column for 
it was felt that this wind was the most severe w.r.t. vehicle control during 
boost. Two failure times were included withir. the headwind column, one 
at liftoff and one at 28 seconds (during the end of the roll maneuvers). For 
each of four actuator failures within a wind column each case was run with 
both orientations of SRB thrust mismatch. 

Complete detailed results of all simulations are contained within Appendix A1 
and A2. Appendix A1 is a collection of tables of results of maximum values 
during boost. Tabulated in these tables are maximum dynamic pressure, qa, qg, 
body attitude errors, and body rates. Appendix A2 is a summary of conditions 
at staging. Included are dynamic pressure, angle-of -attack, sideslip angle, 

Mach No., body attitude rates, and SRM duty cycles. Also tabulated are the 
times at which staging criteria were achieved. Detailed discussions of these 
results will be separated into mid-flight results and separation results. 
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FIGURE 6 RUN MATRIX 45°~135° TVC BASELINE ACTUATOR SYSTEM - UNCOMPENSATED 









































3.2.1 Mid-Boost Results 


In general, the effect of an SRB actuator failure had minimal impact on vehicle 
control during the mid-boost region of flight. The effects of wind azimuth 
were most noticed in the load parameters, dynamic pressure (Q), Qa, and Q8. 
Whereas, maximum dynamic pressure averaged approximately 650 psf for the no- 
wind cases the headwind studies showed max Q's on the order of 750 psf, and 
tailwinds ran approximately 600 psf. Crosswind cases averaged approximately 
190u-2000 psf° for Qa. Maximum Qe occurred with the crosswind simulations. 

Peak Q3 * s of +4500 were observed for one of the actuator failure conditions. 
Headwind simulations were the next most severe with respect to 06. Values 
of +2300 psf 0 were observed for the headwind cases. Tailwind and no-wind 
simulations were the least severe with values of 1000 to 1500 psf 0 being 
observed. 

Body attitude errors and rates were affected by the wind azimuth in that 
pitch errors were biased as a result of head or tailwinds. Crosswinds affected 
attitude errors primarily during the tail off region. This will be discussed 
in the following section. Body rates during the mid-boost region of flight 
were in no case excessive nor significantly dependent upon wind azimuth. 

Little difference between actuator failures was observed during the mid-boost 
region indicating that per se neither a right nor left actuator failure was 
more severe than the other. This is reasonable due to the 45° - 135° diagonal 
SRE actuator orientation, which eliminates the dependence of a single actuator 
axis on one axis of control. Likewise, only minor differences were seen 
between the failure of an actuator on the right SRM or the left SRM. 

The results of having high thrust on either the right or left SRM was observed 
to influence the load parameters. Those cases with high thrust on the left 
SRM were found to have slightly higher (~1%) maximum dynamic pressures. The 
primary cause of this is the roll maneuver taking place during the pitch over 
command, and more precisely the direction of the roll maneuver. As the 
vehicle rolls clockwise and begins to pitch over the left SRM is to the outside 
of the pitch trajectory. With high thrust on this motor, the trajectory is 
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essentially biased toward a lower altitude, resulting in a higher Q flight. 

In addition, for flights in the presence of crosswinds, if the windward SRM 
has high thrust, this will aggravate any high sideslip condition already 
present. 

The tine of actuator failure was found to have little effect on any of the per- 
formance or control parameters. Duty cycle, however, was found to be affected 
and will be covered in the following section. 

As an outgrowth of the Eighth Flight Control Panel Meeting of 28 February 1974, 
an action item was taken to supply Rockwell International ( RI ) with envelopes 
of maximum SSME actuator deflections occurring during flights with an SRB 
actuator failure. This data was prepared and forwarded to RI via the NASA JSC 
technical monitor. This data is included in this report in Appendix B1 . 

3.2.2 Thrust Tailoff Results 

Greatest impact of loss of an SRB actuator was felt during the thrust tailoff 
region of flight. The prime contributor to control problems during this time 
is the SRB mismatch. During this time, as seen in Figure 2, the peak thrust 
mismatch of 450,000 lb occurs, producing approximately 9x10® ft-lbs of yaw 
torque. This perturbation combined with specific actuator failure and wind 
azimuths produce severe conditions at the nominal staging time. 

The effect of wind azimuth was found, in general, to be more pronounced for 
a crosswind azimuth. Due to the magnitude of the ETR tailwind its effects 
were observed to influence body angular rates at staging, but in general were 
not "design cases". Headwinds, being of such low velocity, were not important 
at staging. 

The time of actuator failure has no effect on staging conditions other than on 
SRB actuator duty cycle. Failures at liftoff, as would be expected, had 
larger duty cycles than failures at later times. As a separate study, individual 
actuator duty cycles were collected for various wind and thrust mismatch com- 
binations, for both no failure trajectories and design case failures. In addi- 
tion, comparisons were made between systems with and without failure mode 
compensation logic. This data has been previously informally transferred to 
the NASA/JSC technical monitor and is included in this report under Appendix B2. 
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The effect of which one of the four actuators failed and the effect of which 
SRB has high thrust are interrelated. The motor that nas been burning "hot" 
throughout the boost will burn out before the other motor. Thus, it is 
obvious from a control standpoint that the worst failure would be a failure 
of one of the actuators on the motor that still has thrust. This will leave 
control on only one thrusting actuator. In addition the choice of which of 
the two actuators on the thrusting engine is failed is found to make consider- 
able difference. 

Referring to Figure 7, let us assume that we have had a "hot" burn of the 
left SRM during boost. This creates a negative yaw perturbation during the 
thrust tail off region, ano is shown on the drawing as the "thrust mismatch 
component". This negative yaw in turn creates a positive sideslip which aero- 
dynamically introduces negative roll ("resulting aerodynamic component" on 
drawing). The sum of these torques is the vector representing the "thrust 
tail off perturbation torque". Shown also on the drawing are representations 
of the envelopes of control torque available from each actuator on the right 
SRM. Due to the 45° - 135° diagonal orientation of the actuator, control via 
the right actuator moves from "+yaw - roll" to "-yaw + roll". Likewise, the 
left actuator control moves from "+roll + yaw" to "-roll - yaw". Thus to 
overcome the perturbation torque of a "hot" left SRM, the left actuator on 
the right SRM is correctly oriented to perform this function. However, if 
this actuator is failed, and the only remaining functioning actuator is the 
right actuator of the right SRM, then the control torque vector from this 
motor will aggravate the error conditions existing. 

As was mentioned earlier, if a crosswind is present at thrust tailoff, its 
relationship to the "hot" SRM is important. For the worst case actuator 
failure conditions, if the crosswind was such that it effectively increased 
the sideslip angle that was being produced by the thrust yaw disturbance, 
then staging conditions became worse. On Figure 7 this has the effect of 
increasing the "resulting aerodynamic component" vector. Roll errors at 
staging with a favorable crosswind were -35 degrees, whereas with an un- 
favorable crosswind roll errors of -67 degrees were observed. 
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FIGURE 7 - ILLUSTRATION OF THRUST TAILOFF CONTROL AVAILABILITY 



Plots of sideslip angle, Q-e» body roll and yaw rates, and body roll and yaw 
errors are shown in Figures 8 through 13. These plots are of a simulation 

with the failure of the left actuator on the right SRM with a "hot" left SRM 

and a right crosswind. Illustrated here are the dramatic tailoff transients. 

3.2.3 Compensation Logic 

Compensation logic for the baseline actuator system was successful for the 
mid-boost region of flight. This logic is shown in Figure 14. After an SRB 

actuator failure is detected, the SRB mixing logic is altered as shown. Roll 

commands to the SRM's are shifted to the same actuators (i.e., right actuator 
on left motor, right actuator on right motor, or vice versa) on each motor, 
avoiding the failed actuator. Pitch commands are routed to opposite actuators 
on each motor (left actuator on left motor, right actuator on right motor 
or vice versa). Yaw commands are placed only in the SRM without an actuator 
failure. In all cases the SRB gains are increased. SSME logic was left 
unchanged. 

Attempts at SRM actuator failure compensation logic during the tailoff region 
to date have been unsuccessful. As described in the previous section worst 
case conditions occur during tailoff when the actuator failure has occurred 
on the SRM with remaining thrust. Linder these circumstances only one SRB 
actuator remains with control authority and its control orientation is such 
that it will only aggravate conditions. It is clear that to avoid this worst 
case, at the time thrust is lost or significantly decreased on the unfailed 
SRM (actuator) that all control must be removed from the SRM's, and SSME 
TVC be utilized to maintain control through staging. Numerous methods of 
altering nominal first stage SSME logic while nulling the SRM's were tried. 

None were successful. At best yaw could be "traded" for roll. Control 
from the SSME's is not adequate to handle the effects of th° yaw perturbation 
from thrust mismatch at tailoff, and excessive sideslip angles prevented staging. 
Data from three sets of runs is included for reference in Appendix A3. Both 
mid-boost data and conditions at staging are presented. 


15 




FIGURE 8 BASELINE SYSTEM - NO COMPENSATION 
SIDESLIP ANGLE VERSUS TIME 



FAILURE CONDITIONS 



TIME (SECONDS) 

FIGURE 9 BASELINE SYSTEM - NO COMPENSATION 
Q -,o VERSUS TIME 







FAILURE CONDITIONS 



FIGURE 11 BASELINE SYSTEM - NO COMPENSATION 
BODY YAW RATE VERSUS TIME 





FIGURE 12 BASELINE SYSTEM - NO COMPENSATION 
BODY YAW ERROR VERSUS TIME 
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FIGURE 13 BASELINE SYSTEM - NO COMPENSATION 
BODY ROLL ERROR VERSUS TIME 



MID-BOOST LOGIC FOR 45° - 135° BASELINE ACTUATOR ORIENTATION 
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FIGURE 14 MID-BOOST COMPENSATION LOGIC 



4.0 0° - 90° TVC ACTUATOR CONFIGURATION STUDIES 
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4.1 Design Conditions 

Worst case design conditions for this configuration were also summarized in 
Figure 1. The most severe conditions were encountered in a crosswind, both 
during mid-boost and in the thrust tail off region. 

During boost, especially before and during the roll maneuver, a pitch actuator 
failure produced the worst conditions, while a yaw actuator failure resulted 
in virtually zero deviations from nominal. Specifically, failure of the 
pitch actuator on what becomes the windward side following the roll maneuver 
was the worst case, with high thrust on the opposite SRM causing slightly 
higher Qe • 

At thrust tailoff, the worst case was failure of the yaw actuator on the 
windward side combined with high thrust on the same side at tailoff (mean- 
ing it was the low thrust motor at 1 if toff and so it has propellant remaining 
after the other motor has burned out) . 

The design conditions described above were obtained from simulations described 
in the run matrix shown in Figure 15. Simulations were performed with failure 
times of 0 and 57 seconds with both orientations of thrust mismatch and for 
headwind, crosswind, tailwind, and no wind environments. Results of the 
simulations are contained in Appendix A4 and A5. Appendix A4 contains mid- 
boost data for the 0° - 90° actuator system and Appendix A5 contains tailoff 
data. These results will be discussed in more detail in the following sections. 

4.2 Discussion of Results 
4.2.1 Mid-Boost Results 

Yaw actuator failures did not cause significant deviations from nominal flight. 
Failure of the pitch actuator on the left SRM produced relatively minor effects, 
most notable of which was an increased roll lag during the roll maneuver. 

However, failure early in flight of the pitch actuator on the right SRM resulted 
in significant perturbations. The adverse coupling of roll and pitch commands 
to the remaining pitch actuator caused a large roll error during the roll maneuver. 
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FIGURE 15 RUN MATRIX 0 -90 u TVC ACTUATOR SYSTEM - UNCOMPENSATED 
























For the headwind case, the consequent trajectory deviation resulted in a maximum 
dynamic pressure 10% higher than the no failure case, and Q& increased nearly 
100% but remained comfortably below the values obtained with crosswinds. The 
crosswind cases naturally produced the highest values of Qb but this particular 
failure caused a Qb of 11% higher than failures of other actuators. The primary 
reason a crosswind was selected as the design case was the high value of Qb 
it produced. 

The effects of thrust unbalance were slight in the mid-boost range (liftoff to 
about 110 seconds). Differences in the key variables typically ranged from one 
to three percent between high thrust on the SRM with the failed actuator and 
low thrust on it. But the direction of change varied from case to case, some- 
times increasing and sometimes decreasing. So both directions of thrust un- 
balance should be checked if any significant variable is near a limiting value. 

Failure time is an important consideration. The only times looked at in this 
set of cases were liftoff and 57 seconds, but other studies as well as this one 
demonstrated that, failures occurring after the start of the roll maneuver 
consistently produce smaller deviations in all variables (rates, errors and 
load indicators) than do failures during the first eight seconds of flight. 
Therefore, liftoff was selected as the design case failure time. 

4.2.2 Thrust Tail off Results 

Pitch actuator failures did not seriously affect staging conditions for any 
combination of failure time, wind, or thrust unbalance studied. This was 
because little pitch engine deflection was required in this flight region. 

Thrust unbalance produced a yaw torque during thrust tail off lasting several 
seconds. If the yaw actuator failed on the SRM with thrust remaining the 
resulting yaw-roll disturbance became significant with respect to the staging 
criteria. Nominal staging time for this configuration is 123 seconds, but 
under these off-nominal circumstances with a crosswind, the vehicle had 
17 degrees sideslip, 7.5 degrees yaw error, and -14 degrees roll error, as 
shown in Figures 16 through 18. As the thrust continued to decay the vehicle 
recovered from the unbalanced condition resulting in relatively high rates 
(as shown in Figures 19 and 20) of 4.8 degrees per second in roll and 
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FAILURE CONDITIONS 
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FIGURE 16 0-90 TVC SYSTEM - UNCOMPENSATED 

SIDESLIP ANGLE VERSUS TIME 



FIGURE 17 0-90 TVC SYSTEM - UNCOMPENSATED 

YAW ERROR VERSUS TIME 



ROLL ERROR VERSUS TIME 




FIGURE 19 0 -90 u TVC SYSTEM - UNCOMPENSATED 

ROLL RATE VERSUS TIME 





FIGURE 20 0°-90° TVC SYSTEM - UNCOMPENSATED 

YAW RATE VERSUS TIME 


2.3 degrees per second in yaw. However, the sideslip angle never decreased to 
5 degrees and the rates were not damped out by 140 seconds. 

4.2.3 Compensation Logic Discussion 



Mid-boost - To compensate for a pitch actuator failure, all SRM pitch commands 
were transferred to the main engines (scaled up by 2.5 to account for the dif- 
ference in torque between the SRM's and the SSME's). In addition, since the 
roll torque from the remaining SRM was unbalanced it. caused a spurious pitch 
torque; a counteracting pitch command was issued to the main engines (scaled 
at 1.25). This logic is illustrated in Figure 21. 

This compensation produced good results. It decreased the Qe deviation from 
the original 11 percent down to 3 percent for the design case. The deviation 
was not reduced to zero because the SRM's are nominally biased slightly off 
zero pitch deflection which modifies the resultant thrust direction and 
trajectory. 

Thrust Tailoff - Compensation ?.t tail off consisted primarily of reducing the 
roll and yaw attitude gains. From 123 to 125 seconds the roll gain was damped 
to zero and the yaw gain was reduced to 0.1. This decreased the attitude rates 
to small values similar to those an attitude hold would produce. This compensa- 
tion alone created stable staging conditions, but with a crosswind the sideslip 
angle remained up around 12 degrees. To reduce the sideslip, the Y accelerometer 
was turned on (with mid-buost gain) at 124 seconds. This reduced the sideslip 
to 5 degrees within 6 seconds without introducing excessive rates as shown 
in Figures 22 through 24. Data from these studies are contained in Appendix A6. 



MID-BOOST LOGIC FOR 0° - 90° ACTUATOR ORIENTATION 
PITCH ACTUATOR FAILURES 
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FIGURE 21 COMPENSATION LOGIC FOR 0°-90° TVC SYSTEM 




FIGURE 22 0-90° TVC SYSTEM - COMPENSATED 

SIDESLIP ANGLE VERSUS TIMF 




FIGURE 23 0-90° TVC SYSTEM - COMPENSATED 

ROLL RATE VERSUS TIME 




FAILURE CONDITIONS 
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FIGURE 24 0°-90° TVC SYSTEM - UNCOMPENSATED 

YAW RATE VERSUS TIME 


5.0 CONCLUSIONS AND RECOMMENDATIONS 

During the early part of the flight, an actuator failure interfered with smooth 
performance of the roll maneuver. For the positive roll after liftoff used 
in this study, failure of the left actuator (45° - 135° configuration) or pitch 
actuator (0° - 90° configuration) on the right SRM resulted in significantly 
higher Qb than any other failure cases. This appears to be a function of the 
magnitude and direction of the roll maneuver. If the roll were negative instead 
of positive mirror image failures would be more severe. Satisfactory compensa- 
tion was developed for both configurations. 

At thrust tail off for the 45° - 135° configuration, failure of the left actuator 
on the right SRM or the right actuator on the left SRM, with thrust remaining 
on the same SRM, resulted in adverse roll -yaw torques and high body rates at 
staging. These adverse conditions could not be compensated for, although it 
was possible to do a limited amount of tradeoff between roll rates and yaw rates. 
Yaw actuator failures produced similar results for the 0° - 90° cases, except 
that the effects were not as severe and satisfactory compensation was achieved. 

Because of the inability to compensate the 45° - 135° configuration and because 
the actuator duty cycle for the 0° - 90° configuration is only about 75 percent 
of the 45° - 135° duty cycle (as tabulated in the appendices), it is recom- 
mended that the 0° - 90° actuator configuration be retained as a viable 
alternative. It is also recommended that additional comparisons be performed 
to determine: 

a) Effects of magnitude of roll maneuver, 

b) Effects of direction of roll, and 

c) Weight to orbit penalty for delaying separation until body 
rates are nulled. 

The loads indicator Qe was excessive for several of the cases studied. It is 
recommended that load relief studies be initiated. 
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APPENDIX A7 


45° - 735° TVC BASELINE SYSTEM - UNCOMPENSATED MID-BOOST DATA 
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APPENDIX A2 


45° - 135° TVu BASELINE SYSTEM - UNCOMPENSATED STAGING CONDITION DATA 
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APPENDIX A3 


45® - 135° TVC BASELINE SYSTEM - COMPENSATED MID-BOOST DATA AND 

STAGING CONDITION DATA 
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0° - 90° TVC SYSTEM - UNCOMPENSATED MID-BOOST DATA 


A26 



















































































































































5 hs 



? A'-' 


Si $ 

+ 'O' 


\? v u P •* > 

£to . «> vi ° sit 

.+ — - 1 , + 


it 

*? 
D 5> 

/) c~ 

lU H 

* * 
> 0 

3 


& 

V-/ 

<T 

'^4$ 

•(D-'f 


v>/^ 

Vj| 


<^C 


v J 

© • 


* -- ' + 

^ 'f ^ ^ 
* <2 + •- 


^ m tr ^ 

S^i? -p 

^ Tvfl. 




°Z 

$> - 


cs 


r- rf 

.*: d_ 

• vs. 

N ‘S' 

O' -N. 



??P 

^ rl 

\ 


^ P 

In & 


s hi 


^ ^ +- ~ 
V ^ V? ^ 

5f^ *■ *" 





VJ 

yA '£ 

£ 

Co <rv 



■j£ P 

0 ^ v \o 


P Cfe 
!±^ 
is.^ 

+ v_, 


!g& 

> S> 

M .10 
+ V-/ 




V> \~ 

0 "" tjy 


^9 

V . _ 


O ( ' ■' 

» Cr> 

1 *37 

N .---, 

‘ ^ 

f4 . --» 

1 

*1 'K 
t -d 

<* & 

f. vn> 


M "P 

^ ? 

i.» N 

•V- V^> 

(S £j 

+• 'w 

+ v: 


u 0 
s t 


^ 'v 

t r» 


P? <- 

d V? 
+ ^ 


to D 
4 . VJ 7 


£ ^ 
N 


E 4 


K 
7 J 3 

|\0 ^ 

.ft 

** V ' 


+ ^ 


S fe 


Si 


R? ~ 

frVv£/ 

H -c, 

0 - Ft 

p 


J ^-t 0 
-AV I A 

^ y\ 

i_t. 

S® 


N ^ 


uifc 

0 3 f 


v? 

V~> 

*> 

— " * 

^ u 


“PT 


08 

M H 
ZS 

























Q 

i 

I 


• 

1 

i 

* 

• 


* 




y 

_ / ST 

?se 

V *0 
S vi- 

4 f~" ^ ' 

VC 

(N^H 

>> -c 

'P'G 

V-'P 

oc ^ 
4 - VI 

^ 0^ 

vK 

4. V2/ 

^ Ip 

C^- . tN( 
+ ^ 

b 

0 

2 

i 

iQ 

3 f 
0 /) 

<0 t- 
VJ H 

0 - 

1 1 

v O 

■^ 4 * 

p 
+ MS, 

X A, 

'p 'P 

o 4 "p 


m 

1 

: i P 
+ PL 

•® 

* P 
y vs 




H| 

m 

R 

f? A 

£<5 


v? p 

r V& 

p-p 

T-v!i 

A 

^ v2j 

p p 

V;/ Q 

'C . 
C . 5 s * 

-t- v_i 

v: ^ 

i. .4 
‘Ad 

w-t? 

rV 

<^C 

5 ?f] 

1 v£( 

^ 

>' u 
**■ 


c£ Vj 
+- <o 

fj 

0 ^1 
i ^ 

4- ^ 

•d > 

&f» ri 

K 

ESs 

vj ^ 
® 0 

'P 

tv. 

c: 

V) P 
cp vN 


5 ? 

?vb 

C^-'<r\ 

A 

Op "aZ' 

A 

-> 0 

i 

1 

5 

«q ^ 

& w 

« ?r 
£r v2. 

$ Vi 

V? 

J& A 

i VN 


<s ^ 
■»- ^ 

r- 

^ C? 

Vo ^ 

fvg 

v'f 
0 i 


Ei o 

T& 

Is 

|A 

i- . 

1 v_ 

S~ f~~ 
50 v-> 
- ^0 

K 

<s» 

> p 

Q2A 

1 

&v 

T '*-' 

at 

4T 

o 

tt 

> rv 

r* A 

r> “P 
(C V. 


ci-'g' 

t- vi^. 

p§ 

P 0 

*L-G 

g u- £ i 

f : 
■a 

r- 








s O C/ ^ 
J- 4 U* 

Vo 

* 


* 



- 


i UJ J 

o 


»» 







f ?3 

7 








/} 

!S 



jm 






b§ 

o: 

A 

A 

A . 






4 4 v 

u 



• 

■om 

I 1, 

n^mn 

N 


A 


c 0 • 

i> iJJU 
tf y j|| 



• 

A 

p> 



N 

P 


j 

>> 

A 

m 






|>?2 

w 



A 

bi 


•‘ 



A 



• 

a. 



• 

A 

• 


5 


M 




^ , 


r-r 

VJ 


^ 0 
M 
t 

*2 


5&g 

fi! 


A31 





























* 



* 

i 

\ 

'■? 'll 

} vT 

r Vv - 

• 

9 

0 TT'I 
r . f Cl 

?.<§ 

v> *y 
f v 4 

to d 

T 1 V^l 

^ ^1 
■7 

~ V 

r vt 





0 '"Cl 

O' Vl 
*♦* 

r — 

vii 

H "(C 

^vsi 

<* -p 

ft ^ 

°f 

<$ v£S 


+ v!i 



% 

0 

n 

<7 

•i. 4 S 

0 v? 

^ \^j 

fi 

r\ 

U 


r*s T' 
rA H 
1 O 

V§ 

c ? 

r.vS 



sJ 

c 

% r 

it 

0 l 

J) 

UJ (J 
3 " 

1 ■ 

•®f 

^ . V£> 
\- v — -'* 

Do <3- 



< N > * 

^vN 

i-^ 

V^> N 

+ 'CJ 





<~N 

t"- 


«A "p 

V-vd 

?| 

i? "n* 
®i.vi 

^ *G 

52 r 4 

C |4 
! Cl 

<2 ^ 




+r^ 

^ 1? 

?| 

is 

0 n 

\0 'Tri 
o' rj 

1 ^ 

p — V 

5 s \L 

s ? 

v 'Cj 

\ p' 

'O > 

Cp (N 

1 C- 

^ -H 



vj 

® ^ 

& c^ 

^ Jrv 
i ^ 

rl ^ 
r< 

rvfe 

t<o x 

Cl 0$> 
\ O- 

•r*v, ^ 

-,-^t 



^ yS 

rvb 

r» <T 



-> 0 
S'" 

<Q < 

® i 

S' 'P 

(So ^ — 

Oo N 
0- 

fe 'P > 

N P 

C'Vb 

r4 ^ 

c >- 

ST 1 W 
vS? 

•i* vis.. 

«k? 

. . 

2 

C? 

0 j, 

C/ 

r4 • 

fc ^ 

r' v£ 

$ -p 
S v2 

V — , 
*& 

VD 

S >3 


C?o^ 
^ *» 

fc "S 

bo 

^ fe 

^ V- 



<1 

2 

<*! 

( d. 

(S- *o 
Vjsj 

tv^> 

»T> y a 


in /^r> 

t;v& 


s® 





2 «. ^ 4 

? ° 2 5 

S' 

46 

JO 





• 











• 




j»V 

j?5 

o 

s 

i* 









2 



1 





l 


£ 



1 


• 






|}§ 

CL 

S 


V 

S 





. 


*i 

>- 


’ 


• 


\ 



X 

o 

> 

< a . * 
S ? |5 

C£ 



s 






\D 
/O ' — 

J 









5 ' 

ao 

j M 

vj 

« *f 

0^ 



• 1 


* 




? 




s». 



# 

• 



7 4* 


A32 






















































































a 


• 

</> 

t 

0 

E 

0 Itf 

U * 

0 

iD r 
-t: 2 

— v_/ 

(D 

-. .* - : 

1 

8'^ 

lie 

S£ p 

u 


/ 1 S' 

•Vo 

^ *• 
,r~ 

'N 

(N) 

S 

fl 

■<£> 

A 

.sS/ 

lr> 

Do 

'c. 

O' 

lo 

rJ 

% 


'to' 

to 

''co" 

"tv 

to 

to 

'J^ 

CO 

♦$ 

• 

'N > 

<L 

% 

0 

VJV 


lo / V0'' 
<*V Vo 
• vi^ 

; cn 

ro V^. 
+ +• 

e* 

% 

si_/ 

•3-1 

V/ 



O' 

t 


o^\ 

N 

c*?s 
• v!. 

00 'qD 

fN ; 

+• Vjy 

■'0 s 

m 

\Ss ■ 

•fl) $ 

'\o' 

'dJ 

'rT v 

CN 

0 

1‘ 

Vj> 

"V s 

ci> 

X.1P 

* jI* 

1 <D 

O o 

o V» 
r vf; 

'>/>■ 

dy 

<i £ 

/ \^N 

<N 

0 

«k 

\o 

+• 

cT" 

Vo 

v±> 

>^v2) 

|N « 

er? 
+* <& 

\ 

7“ 

*Z 

vS/- 


v> 


Ao S 

\D 

oi . 

1 

> 

NJ3 

M , 

el 


'Do 

fc 

v fT s 

"fT' 

f* 

'o 

ro 

Vo- 

x Sj. 

uJ 

J 

I 

1 1 

'ST 

rv 

C>G> 


N 

r* 

w 

**■% 

r- 

0- 

r> 

N 

C& 

j 


'tp 

^ . 
to 

// o^ > 

^ ** k 

• r- 

~v 

. N 

•^O 

r> 

V? 

^ 4 U» 


• 





. 


•w 



• 


• 


jgy 

*?§. 

3 

N 

. 












* 


J 

0 * 







• 


b§ 

4 4 . 
u 

a: 



!.> 


. 




> 





> 




c 0 . 

o g* 

& 

m 




* 

• 



j 


"* 

— •’• • 

• 

• 


. 


(v, it} 
« .*£ 

* 



• 

n > 

* 


■1 





'i. 

• 

* 


■ 




*: 

C VO 
N 


> 


sop 








D(aJ/A/D 







I 


\ 


% 



• 

. 

(/) 

z 

0 

£ 

0 uj 

U ft 

a 

0 jj 
-t: 2 

— v/ 

-<D 

: . 4. . . 

s 

1*0 

>\>r 

o v> 

:c N 

lo 

* N 

i 

N 

vX 

- h 

0 a* 

ri 

C: 

• c? 
vs 

N 

Its 

v£. 

. ^ 
5? 
£ 

r~- 

(O 

IT 

v; 

X 


v> 

v>> 

Vv 

^vT 1 

V 2 > 

/ T7>' 

CK 

V. . 


\n 

^ ■* 
0 - 

vi. 

• 

— / 

Vi 

-VJl; 

_ <? 
$-v£ 

\ 

Vi 

V0 

Tv£- 

^ <~N 

wj 

^ C2 
4 - Vfc 

0 

vli 

‘3- 

! 

o? 



Vi 

Vfv 

-.«? 

f'il 

r: . °- 

^ . fN 

V 

"V • 

\T , • 

•<d$ 

V 

Si 

. ^ 
\D 

^ /O 

\ * 
Pm: 

V? 

»•> 

vi 

— *\h- 

r sf 

N ^ 
0 «? 

‘‘Vt: 

-p 

vi 

'QS 

^D> 

vt> 

K 

\JV 

Vj '"‘S' 
K V*> 
4- Vi 

'Sp 

K±^' 

& 

v*f? 

v'& 

+ vt 

'&T 

vl> 

* C 

^T* 

(K 

Vi • 

- ^ 

V> "T? 
0 ^ v O 
u l VL 

'c^ s 

& 

$ 

rAC 

67 0 ^* 
‘ VL 

V <>r 

^ o° 

1 VL- 

0 ^ 

v£ 

el 

& 

'\T I 

yPO^ 

dX~ 

bo 

/ S^> 

vO^ 

Vt> 


>- 
Mj • 

"cT . 

n 

I 


$ 

‘ CO 

0o 

i>^ ■ 

vis 

CO 

v> 

— \ 

J 

^ — S- 

' i 

o 

(^ 
> • 

/ v? x 

VL 

V 
• rn 

* c\ 
> 

£) — 
vC/ 

IMS! 

<$ 

• 







•<* 





• 


jgW 

2 «. 

2 

\ 






• 




i 



• 

j 

4 

* 





■ 



• 


e5 

44 . 
UL 

CL 

s 

x 

• 

l.> 


• 




> 



1 

• 

s 


V 

« 

tu 1- 

i * & 

0 

/ 

• 

w 

i 

i 

X 

X 

• 


X 


J i 

; V 

i 

x 



♦ 

X. 


p 


K iS 
« if 

* 


~x 

• 

s 

• 

>> 


S' 


X 


X 

• 

V 

* 

t 

\ 



A36 


'« 


U<ZAT)(aj ' u /^ 
ROMXD Zl22=- i .. . 
pv WTfr> — - 












































































ft 


' \ 









t , «£ \ 


i ii 


if 





f 


s 

0 

£ 

0 U 
u 1 > 

© 

i 5 n 
-Z - 

— vy 
(!) 

<£ 

S 

£ O V 

£ ^ 
8 v * 

0 

0 

1 

i\ 

v> 

N 

.£ 
; * 

A 

■*S 

0 

. ^ 
A 

? 

A 

-J 

.- — > 
0 

<N 

0 

•A 

0 

N 
* ^ 

V > 

r* 

z 

v 

V 

Oi 

CO 

co 

r> 

crV 
■ ^ 


p -• 

a 

■ 

BBS 

f. 

°, 

5 ; .+ 

r 4 ^ 
+* 1 / 


0 

1 

.'0 ^ 

A- vj 

• 

• 4-. 

m 

EE 

do 


a 

Oo r\ 

•lr J. 

--S 

VD 

'Xs 

O 

rp 0 

K 1' 

■w ‘ 

a 

•® ? 

. ri 

^ % 
i- ■ b 

a 

_ -c 

+ V* 

O.-'f 

+ vl 

' 

$ 

v * 

Hr • 

* 

^ O 
8. ?• 
+ O 

« 

•'•U 


4 - v±- 

■ 

ro <r 
~r ci 

+ Vb 

s 

-, iv 
V 0 

•V t 

?*> <T' 

4 - O' 

''n ' ; 

V% • 
V \^y 

0 "£V 

•S i 

ri 

->c 

'* 

•j* 

* c 

0^ 

1 

B 

r 

Vo 

1 

\£> 

f- 

N 

0 

1 

B 

r* 

*». 

0 

1 


el 




bo 

r^ 

bo 

•v0 

t. 

\o 
^ * 

uJ 

1 

tf 

N 

1 VO 
v$>' 

$5 


0- 

to 

Oo 

to 
' r 4 - 

J 

mi 

N 



./'I 

Vo 

rA 

H 

•to 

'•> 

> 

£ IL K-* J 17 

f°K® 



£$ 








v* 







jsw 

<?§ 

0 

z 

s. 















1 / 

J 

1 

J 









6§ 

a* 



- 

N 





> 




* 

o 




£ KUU 

Ift £ - 

(£ 

•» 


H 

o> 



s.| 


J 

N 




> 



l 

1 

c v i!n 

1 ) J f 


\ 



\ 


0 




Hi 




^4 

• 





/’ l 




-*S 


:• 1 

C 0 

H 


IN 
0 

0 
M 
h 
6 
o J 
CL Cl 


I 


A38 


4 


. »* 



































































































„.l 


r Tf J 

I 








§ 


Vi 


. 

. 

? 

0 

E 

0 lu 

a * 
a 

v5 n 

-=Z * 

— 

(D 

5i 

f »K 

8 ^ 

■ ^ 

• v; 

N 

.5" 

V y^> 

rP 

'cP 

/P 

\1 

\j 

N 

'r^ 

r>J 

VO 

P 

P 

vp 

V 

p 

vS 

C 1 

* 

\ 

\r "> 

pi 

Vp 

s. 

V/~>* 

V^r 

Vo 

vS 

Vo 

'vp 

IP 

PS 

$*> 

Vo 

V 

V 

• 

vy 

vt 

P 

~N 

r- 

Vp 

* 

VL 

pp 

PS 

<0 P 
' ' > 
r‘vL 

N P 

i* « 

^ Vi- 

p 

v£ 

■*? 

'cp 

Vb 

tP 

Vb 

<fr 

v£ 

VP 

VJu 

"(? . 
PS 

-. $ 

r° * 

» V 

p p 
+ vS 

. aH 

•® $ 

Vo' 

.N 

VL 

. ^ 
O'^ 

<? 

\£ 

to 

* i % 

vly 

PP 

n % 

VP 

- P 
•' v£ 

b ^ 
0 ^ 

»' v±: 

v X 

<iC 

1 

P 

'VT 

\£ 

Vp 

VS 

<T 

V> 

VP 

\o 'P 
N *a 

* v+ 

>5 <e 

v-> C 

+ ^b 

c 

CD 

* s 

m 

a 

'P 

vt 

’'VP 

oa 

<L. 

iP 

v f^ 

Vj_. 

r* 

<s . 
1 

SP ^Lo 

■'P 

K 

VP 

e% 

& 

m 

PT 

vP 

V 

-Nj'"' 

vP 

rP 

'P 

N 

VP 

w 

PT. 

vb-- 

u J 

i 

* 


Oo 

VC. 


v'P 

y^2. 

V 

Vi 

\s> 

Pi 

j 

T 

\ • 

v >o 

Oo 

✓ '™N S 

P 

vTV 

V 

v2/ 

. 

• V 

• v> 
> 

v£3 

beoi 

Oj 

— 







■5 



. 


* 


jS ^ 

s?l 

o 

2 

s 















/] 

Si 





* # 



» 

. ^ 
b3 

o: 

a 

> 

.> 

\ 





> 



HI 

• 

\ 

N 

N 

P 

£ iulT 

o £* 

or 

w 


\ 


• 

• 

V 


j 

V 


HI 


V 

\ 

. 


Ki| 
« *£ 

a: 



Hi 

\ 








P 

• 

P 

• 

\ 



r~ 

Its 


I 


S- V 




.-v / 
v -4 




- M? 

N 

K 


O <N 

lv 

Id 


c 

E 

l 

J 

a 


A39 


























. - - 


£ 

8 ^ 


if) 

Z 

o 

!: — ^ 

0 ^ -a) I 

O iy ^ 

U ^ O 


'"N 

\D 


3 5* 


y i p' j (? 

|_fjg|_ 

T^rn 

5?§ “ 


>4 

\Lx 


/T>\ 


VL> 


0? 

>~ 

\±> 

. r»-> 

\Ls 

i 


•S £ 


"v>- 
o c. 

v£ Vlv 

6o^ ^ 

^ 'C? 

vjj, ^ 

^ IP 

VL. vt, _ 

'v? 'cT' 

(p r^> 

vL vi> 

Do ^S' 1 

v^> V5> 


or o- 

yTO^ V C^ 


v3^k& 


Do 0 ro 
(h.. yi vA 
» ~ VL 1- V^L 

t 'y£?-4 

\ Vb r vt; 

^ IT ^ p 

1 ^ ± VL 


<5- 

% 

/ Vd n 

Vi 

/ 'R 

V£V 


£ v» fuy 

0 2* 

(0 V 


Cv iK 

*>2f 

« *£ 



X D 


n. D> ^ ^ 

_\ 2, 

> N> . 

\ \ 


romxd 7/6?. 
p\ r*TTT> S v,^ 










M .0 


v A 



b 

n ^ — ~ 
O Vi . ^ 

U */> **- 

ivl ” 

(£> r-; ^ *: 


£ U. K* =1 ^ 

f° 22 ffl 


jgy 

i? 5 . 


.* £ 
by 
<1 


£ 'n Sp 

tf? 2 ¥ 

fl .{* 



^5 

V? 

(N 

| 

A 

cn 

M 


tf) jx ^1 


Cv • 


6o 

0C> i 


-f V& 

t? 

'i'fc 

r- 



S 


-O ^ 

CO 

VjO 

'$v 

Vr> 

1 

,<T^' 

r- 

t 

'>Sg^ 


-o 

V> 

■Vs 

\K 

'S' 

■ V) 

■ >, 
























































































APPENDIX A6 


0° - 90° TVC SYSTEM - COMPENSATED MID-BOOST DATA AND 
STAGING CONDITION DATA 
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APPENDIX B1 
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